The sequence and kinetics of pre-precipitation in an Mg-1.43Nd (wt.%) alloy was investigated after severe plastic deformation by high-pressure torsion (HPT) at room temperature using in situ synchrotron X-ray diffraction and differential scanning calorimetry The activation energies associated with the pre-precipitation phases ranged between ~126 and ~235 kJ mol -1 .
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Introduction
Magnesium-rare earth (RE) alloys have received much attention recently in the automotive and aerospace industry due to their corrosion resistance, better room temperature formability and relative high strength [1] [2] [3] . Such strengthening was attributed to a distribution of plate-shaped or lath-rod-shaped precipitates of intermediate or equilibrium phases formed parallel or normal to the basal plane of the magnesium matrix phase [2] . It was shown that die-cast Mg-RE (RE = Nd, Ce, La) alloys exhibit high creep resistance (at 177 °C) with the Mg-Nd alloys being the most creep-resistant. This temperature is close to the mean operating temperatures (150-200 °C) for powertrain applications, namely, the transmission case and the engine block [4, 5] . Such creep resistance of die-cast Mg-RE alloys was associated with mechanism of strengthening of α-Mg matrix by solid solution and/or precipitation [4, 5] . Furthermore, the strength of Mg-Nd alloys may be enhanced through solid solution strengthening and subsequent thermo-mechanical treatments [6] .
Severe plastic deformation (SPD) techniques, such as equal-channel angular pressing (ECAP) [7] , accumulative roll bonding (ARB) [8] and high-pressure torsion (HPT) [9] , have the potential not only to produce ultrafine-grained (UFG) microstructures [10] [11] [12] [13] but also to significantly affect the size and distribution of precipitates within the matrix [14] . They have also a great influence on the sequence and kinetics of precipitation in alloys [15] . This is generally attributed to the extra dislocations introduced into the matrix by SPD which accordingly provides additional nucleation sites for precipitation.
The general precipitation sequence for binary Mg-Nd alloys was reported as follows: SSS → GP zones → β " -Mg 3 Nd → β ' -Mg 7 Nd → β 1 -Mg 3 Nd → β-Mg 12 Nd → β e -Mg 41 Nd 5 [2, 16] but recently the following precipitation sequence was proposed: SSS → GP zones (N, V, aging were the focus of some recent studies using high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and/or atom probe tomography analysis [16, 17, 19, 20] . However, except only for a single pioneering investigation [6] , there was very little attempt to quantify the pre-precipitation and precipitation kinetics in Mg-Nd alloys either after conventional deformation or after processing by SPD. Accordingly, the aim of this work was to investigate the decomposition kinetics of pre-precipitation in an Mg-1.43Nd
(wt.%) alloy after SPD processing by HPT using in situ synchrotron X-ray diffraction and differential scanning calorimetry (DSC) analysis.
Experimental material and procedures
The Mg-1.43Nd (wt.%) alloy samples were provided in an as-cast state by colleagues from the Institut für Metallkunde und Metallphysik (IMM), Aachen, Germany. The as-cast alloy was subjected to a solution annealing at 535 °C for 6 h followed by quenching into water. Several cylindrical rods were machined from the initial blocks with diameters of 10 mm and lengths of 50 mm. For HPT processing, disks were sliced from the rods with thicknesses of ∼0.9 mm and these disks were then inserted into an HPT facility. These disks
were processed at room temperature (RT) through totals of ½, 1, 5 and 10 turns using an imposed pressure of 6.0 GPa, a rotational speed of 1 rpm and quasi-constrained conditions where there is a small outflow of material around the periphery of the disk during the straining operation [21] . After processing, the disck were heated in an Anton-Paar furnace without any protective atmosphere at 250 °C for 5 h in order to clarify the precipitation sequence. These disks were subjected to X-ray diffraction on the DIFFABS beamline at the SOLEIL synchrotron (Gif-sur-Yvette, France) by illuminating with a monochromatic X-ray beam at an energy of 9 keV (0.1377 nm). A 2D X-ray hybrid pixel detector (XPAD-S140)
was used in order to analyze the early stages of precipitation with the detector recording the patterns every 0.025 s. The recorded 2D spots were integrated into 1D diffractograms using in-house software at the DIFFABS beamline. In order to compare the precipitation behavior, some solution treated samples were aged at 250 °C for 5 h without HPT processing.
Differential scanning calorimetry (DSC) analysis of the Mg-1.43Nd (wt.%) alloy after solid solution and HPT processing was performed using a 2920 MDSC calorimeter under a nitrogen atmosphere with a pressure of 1 bar. Specimens of 18−20 mg were cut near the centers of the disks and placed in an aluminum crucible (6.5 mm inner diameter and 1 mm height) for introduction into the DSC furnace, while an empty Al crucible was used as a reference. Four heating rates (5, 10, 20 and 30 °C/min) were applied in the DSC experiments over a temperature range from 80 to 500 °C. The activation energies associated with the precipitation of β''', β 1 -Mg 3 Nd and β-Mg 12 Nd phases were estimated from the DSC curves using the Boswell method [22] :
Experimental results
In situ synchrotron XRD
DSC analysis
where V is the heating rate, E is the activation energy, T p is the maximum temperature of the peak, R is the universal constant of gases and C is a constant. As is evident from Table 1 .
Discussion
Sequence of precipitation in the Mg-Nd alloy
The in situ synchrotron X-ray diffraction patterns of the non-deformed and deformed Mg-1.43 Nd (wt.%) alloy aged at 250 °C for 5 h (Figs 1-3) were not able to detect the peaks of the β " -Mg 3 Nd or β'-Mg 7 Nd phases during the early stage of annealing. Furthermore, the DSC analysis shown in Fig. 4 reveals a sequence of precipitation that is consistent with a recent proposal [17] . In the present investigation, the use of high energy X-ray analysis failed to detect these phases in the alloy. Usually, investigations of the precipitation evolution in the M A N U S C R I P T A C C E P T E D It is well established that the SPD processing of alloys after solution annealing leads to very rapid precipitation [28] . In fact, the application of SPD leads not only to substantial grain refinement but also to a high density of dislocations and vacancies that will enhance the atomic mobility and act as nucleation sites for precipitation. For example, it was observed that the presence of a high dislocation density significantly accelerates the precipitate formation kinetics [19] . Moreover, a reduction in the precipitation temperature after ECAP processing has been reported in the Cu-Cr-Zr system [29] . In this case, the precipitation of the Cu 3 Zr phase was observed at 370 °C instead of 520 °C for the non-deformed sample [29] . However, in the present investigation using HPT processing up to 10 turns there was no evidence for such a drastic decrease in the β e -Mg 41 Nd 5 equilibrium phase precipitation temperature because the β e -Mg 41 Nd 5 equilibrium phase was not detected during in situ ageing at 250 °C up to 5 h. Furthermore, Kilbius et al [30] have shown that ageing of Mg-1.2Gd-2.7Nd-0.49Zr (wt.%) alloy at 250 °C for four hours caused formation of the equilibrium β e -Mg 41 Nd 5 phase.
This alloy has a very similar decomposition sequence as the presently studied alloy but was aged after solution annealing and quenching and hence was expected to have moderate level of dislocations. This is not the case in the present study where the SPD processing is known to introduce considerable amount of defects (> 10 14 m -2 ) [31] . It can be assumed hence, that the dislocations do not influence the kinetics of equilibrium phases such as β e -Mg 41 Nd 5 very effectively that it takes a very long time to transform mainly due to kinetic reasons. phases showed the smallest and largest decreases, respectively. The activation energies for the analyzed phases indicate an almost diffusion-controlled process of precipitation that is influenced by the amount of defects introduced upon HPT processing. However, the activation energies summarized in Table 1 are comparable to those reported in an earlier investigation without SPD processing [6] which suggests that the use of SPD does not significantly affect the activation energy of the pre-precipitation process in the Mg-1.43Nd
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(wt.%) alloy. In this earlier work [6] , the precipitate nature and crystallography were not fully established as well as the precipitation sequence and kinetics of an Mg-0.5Nd (at.%) alloy that was solution-annealed and aged at temperatures of 300-320 °C. It was suggested that the possible mechanism for the formation of different precipitation phases was the diffusion of solute atoms in the Mg matrix assisted by the abundant quench-in vacancies [6] . Similar result was also reported for the formation of the β 1 (183 kJ mol -1 ) and β (177 kJ mol -1 ) phases of the WE43 (Mg-4Y-3Nd, (wt.%)) alloy [33] and this may account for the slow kinetics of the phase transformations commonly accepted for Mg-RE alloys.
It seems also very probable that a nucleation-controlled mechanism could occur where the activation energy for nucleation decreases as dislocation sites are increased. This is very M A N U S C R I P T
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9 probable since nucleation may occur both on dislocations and on precipitate/matrix misfit zones (formation of misfit defects at interphase boundaries). Furthermore, Choudhuri et al. [19] have studied the precipitate evolution within the a-Mg matrix of a HPDC Mg-Nd alloy during isothermal annealing at 177 °C by coupling detailed TEM studies with atom probe tomography. They evidenced that dislocations facilitated the formation of β'-Mg 7 Nd and β 1 -Mg 3 Nd phases preferentially via heterogeneous nucleation coupled with accelerated diffusion of Nd along the dislocation lines (short-circuit paths). However, they did not reveal any precipitation of β-Mg 12 Nd phase. In the present study, it obviously seems that the β-Mg 12 Nd nucleation and growth are most sensitive to high density of dislocations.
Precipitation kinetics of β-Mg 12 Nd during aging
The isothermal kinetics of phase transformations in solid materials which proceed by nucleation and growth mechanisms can be described by the Johnson-Mehl-Avrami equation
where t is the annealing time, k is a time constant and n is a coefficient that characterizes the transformation process. The fraction transformed, X, can be defined as: According to the theoretical values tabulated by Christian [35] , these results indicate that the reaction of the precipitation corresponds to a process of grain boundary nucleation after site saturation and growth of the particles in 2 dimensions. Similar results for the Avrami exponent value (1.00 ± 0.04) were also reported for Mg-0.5Nd (at.%) aged at temperatures of 300-320 °C and this was explained by growth of particles in two dimensions [6] . The results do not fit a dislocation-based nucleation which Avrami exponent stated a value equal to 2/3 [35] . However, it is to be noted that many studies evidenced progressive transformation of cell boundaries (formed of tangled dislocations) or sub-grain boundaries (formed of wellordered dislocations) into high angle grain boundaries during severe plastic deformation (SPD) and subsequent ageing [11] [12] [13] 36] . Ultra-fine grained materials obtained by SPD processing have a main feature that is the existence of a significant volume fraction of grain boundaries. It results in a number of unusual physical properties and high abnormal diffusion activity [37] . It is reasonable to conclude, therefore, that HPT processing does not significantly alter the nucleation mechanisms as well as the kinetics of the β-Mg 12 Nd phase during in situ aging at 250 °C.
Summary and conclusions
1. After in situ aging of an Mg-1.43Nd (wt.%) alloy at 250°C for up to 5 hours after processing by HPT, it is shown that there is no evidence for the metastable β'''phase and β 
